Abstract-Landfill gas (LFG) emissions were measured in a landfill in tropical conditions in Malaysia to investigate seasonal variations in methane (CH 4 ) and carbon dioxide (CO 2 ) emissions. The study results showed that CH 4 and CO 2 emissions were ranged from 0 to 1,602 g m -2 d -1 and 5 to 2,753 g m -2 d -1 during wet and dry seasons, respectively, and higher CH 4 and CO 2 emissions were found during the wet season than in the dry season. It is concluded that special consideration must be given to landfill cover soil in order to enhance CH 4 oxidation and, thereby, reduce CH 4 emissions.
I. INTRODUCTION
Waste sectors in Malaysia contribute for greenhouse gas (GHG) emission with total Methane (CH 4 ) emission approximately 1.3 million metric tons (mmt) in 2004 which approximately 27 mmt of carbon dioxide (CO 2 ) equivalent [1] , where the most prominent CH 4 emission source came from landfills (53 %), followed by palm oil mill effluent (38 %), swine manure (6 %) and industrial effluent (3 %) .
No precise method for measuring landfill gas (LFG) emissions exists. A flux chamber method is a simple method used to measure LFG emissions and is characterized by relatively low cost, ease of use, and ability to investigate research objectives obtained by discrete observations in space and time [2] . Two types of flux chambers have been described in the literature to measure LFG emissions: static and dynamic flux chambers. The static flux chamber method is the most simple and frequently used [3] - [7] .
Field measurements using flux chamber method indicated that CH 4 emissions ranging from 0.4 mg m -2 d -1 to more than 4000 g m -2 d -1 [8] . Some comprehensive field measurements have revealed seasonal variations in LFG emissions at multiple landfills in subarctic and humid regions, whereas there is very few studies have been conducted to investigate seasonal variations of CH 4 and CO 2 emissions from landfills in tropical regions. Maurice and Lagerkvist [5] investigated seasonal variations of CH 4 [10] investigated CH 4 emissions in semi-arid climates using the static flux chamber method and reported higher CH 4 emissions in the winter relative to the summer season. Zhang et al. [7] found that CH 4 emissions from a landfill located at eastern China (humid subtropical climate) were higher in the winter than in the summer season. Wang-Yao et al. [11] measured CH 4 emissions from seven landfills in Thailand (tropical climate) using the static flux chamber method and found higher CH 4 emissions during the wet season than the dry season.
The objective of this research was to study the seasonal variations in CH 4 and CO 2 emissions from a landfill in a tropical climate in Malaysia.
II. MATERIALS AND METHODS

A. Site Description
The Jeram sanitary landfill was selected for conducting this study (Fig. 1) . is approximately 10 m. The cell was lined. At the time of the study, there was no gas collection system, and the waste gases escaped directly to the atmosphere.
B. Measurement Strategy and Techniques
To measure the LFG emissions from the cell surface in terms of spatial variability using geostatistics analysis, a 3,600 m 2 square portion of the cell surface was overlaid with a 10×10m grid to identify critical measuring points. The grid square centers were marked with wooden sticks to specify sampling point locations [12] . Furthermore, additional sampling locations were marked at shorter distances to provide an adequate number of samples to better develop a semi-variogram model and for defining the flux spatial variability at short distances [13] . A total of 81 measuring points were identified. These 81 points were believed to be sufficient for modeling the spatial distribution of CH 4 and CO 2 [14] . A square flux chamber was constructed to measure the CH 4 and CO 2 emissions from the landfill surface (Fig. 2) . The flux chamber dimensions were selected based on a volume to area (V/A) ratio, where a typical flux chamber has a V/A ratio greater than 150 L m −2 , as reported by Livingston and Hutchinson (1995) . However, Fourie and Morris [10] reported that V/A ratios varied in the literature, ranging from 60 L m −2 to 300 L m −2 . Thus, the V/A ratio for the static flux chamber used in the current study was 200 L m −2 , in accordance with the research by Stern et al. [15] . Livingston and Hutchinson (1995) reported that typical flux chamber areas range from 175 cm 2 to 1 m 2 , while an area of 500-900 cm 2 is the most common. The enclosed area of the flux chamber used in the present study was 0.4 m 2 [15] . The flux chamber area was chosen to meet the objectives of this research; the area is small enough that the environmental controls can be assumed to be uniformly distributed over the enclosed surface area and large enough to avoid restricting the spatial variability of the emission rate.
Some materials, such as aluminum, stainless steel, and various types of plastics, can be used for flux chamber construction [2] . Such materials can be employed for trapping non-reactive gases, such as CH 4 . Acrylic material was selected for the flux chamber construction in accordance with Eun et al. [16] , whereas it is non-permeable, non-reactive and not a source or sink for either gas. Furthermore, acrylic material is lighter in weight than other materials such as aluminum and stainless steel which facilitates the chamber portability. The gas sampling port connector of the flux chamber was made from stainless steel. Puresep-T septa The flux chamber was carefully positioned to maintain the natural processes that govern gas emission. The chamber was inserted 2.5 cm into the landfill cover soil to prevent environmental effects [18] . The insertion process was performed in regions of predominantly smooth cover soil. A sharp knife was used to cut a part of the surface cover soil where rigid soil was located to facilitate flux chamber base insertion. Once the chamber was in place, the soil around the chamber walls was gently tamped with a density approximately equal to the surrounding soil [2] to prevent the escape of liberated gases. Four sequential gas samples were extracted from the chamber headspace into a 50 mL gas-tight syringe at predetermined intervals (5 min).
At each sampling point, four sequential gas samples were extracted from the chamber headspace into a 50 mL gas-tight syringe at predetermined intervals (5 min). Based on 20 years of rainfall data (1990-2009) collected by the Department of Irrigation and Drainage (Jabatan Pengairan dan Saliran; JPS) in Ampang, Malaysia, September, October, November, and December were selected as the wet months at the Jeram landfill location, whereas January, February, March, and April were selected as the dry months. Thus, CH 4 and CO 2 emission measurements were performed once each month during September, October, November, and December 2010 to estimate the averages of CH 4 and CO 2 emissions during the wet season and once again during each month of January, February, March, and April for estimating the averages of CH 4 and CO 2 emissions during the dry season. Emission measurements were all obtained between 8:00 am and 11:00 am to minimize the effect of time of day. The atmospheric pressure and air temperature were monitored while the emissions were being measured.
Ambient weather conditions, such as atmospheric pressure and air temperature, were measured during sample collection using the Skymaster, SM-28, Speedtech instruments. The Skymaster weather meter has a range of −15 to +50
• C for air temperature and 400-1100 mbar for barometric pressure. The accuracy of the measurements of air temperature and atmospheric pressure was ±1
• C and ±2 mbar, respectively.
C. Gas Concentration Analysis and Emission Calculation
A Varian mobile Micro-GC (CP-4900) equipped with a PPQ (PolarPlot Q, 10 m) column module was used to analyze the CH 4 and CO 2 concentrations. To ensure that the gas samples were dry before they were introduced to the Micro-GC, an external sample filter unit was fitted between
International Journal of Environmental Science and Development, Vol. 7, No. 8, August 2016
(Cole-parmer), made of polytetrafluoroethylene (PTFE) and polyimide films on silicone rubber bases, was fixed at the sampling port to facilitate syringe injections during sample collection (Fig. 2) . A digital temperature module, ETP104A, was used to measure the gas temperature inside the chamber, with working temperature of 0-50 o C, and accuracy of ±1.5 o C. To attain sufficient mixing of the gases inside the chamber, a small propeller was fixed inside the chamber and used during sample collection [17] . An umbrella was used during the emission measurements to avoid elevation of the internal chamber temperature as a result of solar radiation, which could cause changes in the measurements of gas concentrations per volume basis at the sampling locations [16] .
the Micro-GC injector and the sampling device. Helium (99.999%) was used as a carrier gas for the thermal conductivity detector (TCD) at a pressure of 80 psi. Further details of the Micro-GC are shown in Table I . Before entering the Micro-GC, the carrier gas was passed through an external gas clean moisture and oxygen filter to remove the suspended moisture and oxygen associated with the carrier gas. The removal of moisture and oxygen from the carrier gas could increase the column's efficiency, which can help to maintain the desired separation distances between the chromatogram peaks. Column head pressure (kPa) 150
Carrier and reference gas Helium
Detection of CH4 and CO2
The gas components from each sample were detected in a typical 1.5 min and automatically integrated using the Galaxie software. Due to the high utilization frequency of the Micro-GC, the Micro-GC was conditioned before each field day. The conditioning time was extended overnight to remove any water present inside the column as a result of the gas samples or the carrier gas. The conditioning was conducted by increasing the oven temperature of the PPQ column to 150
• C (maximum column oven temperature). Each gas sample was analyzed a minimum of two times, and the average was calculated to estimate the CH 4 and CO 2 emissions [18] . The CH 4 and CO 2 emissions, F (g m −2 d −1 ), was calculated according to Abichou et al. [19] :
where P is pressure (1 atm), V is the chamber volume (80 L), M is the molar mass (16 and 44 g/mol for CH 4 and CO 2 , respectively), U is the units conversion factor (0.00144 Lmin/(µL d)), A is the area covered by the chamber (0.4 m 2 ), T is the chamber temperature (K), R is the gas constant (0.08205 L atm/(K mol)), and dc/dt is the slope of the linear regression between the gas concentrations over the elapsed time (ppm/min). A nonzero flux was reported only when the regression coefficient (R 2 ) for the linear regression was larger than 0.85 [6] ; otherwise a zero flux was reported [19] .
D. Geospatial Analysis
In the current study, the geospatial analysis was carried out twice: once for the wet season emission measurements and once again for the dry season measurements. A total of 81 sample points were used to estimate the mean geospatial CH 4 and CO 2 emissions values for each season. The geospatial analysis was performed using Surfer 8 software. Variograms modeling the CH 4 and CO 2 emission measurements were generated following [14] . The variogram model structures were used with the point kriging method to develop contour maps for both the CH 4 and CO 2 emissions. The measured emission values were overlaid onto the contour maps to show the differences between the measured and the values estimated by the models. The net volumes of the total CH 4 and CO 2 emissions from the entire area were estimated by subtracting the volume of the negative contour emissions from that of the positive contour emissions. The mean geospatial CH 4 and CO 2 emissions values were then calculated by dividing the net emission volume by the total area.
E. Statistical Analysis
The parametric independent-samples T-test was used to investigate significant seasonal variations of CH 4 and CO 2 emissions. The statistical analyses were performed using SPSS 16.0.
III. RESULTS AND DISCUSSION
A. CH 4 and CO 2 Flux Measurements
The summary and descriptive statistics of the CH 4 and CO 2 flux measurements during both seasons are listed in Table II. The maximum and minimum CH 4 emissions during the wet and dry seasons were in the range of results found by Abushammala et al. [12] and Morcet et al. [8] . The maximum and minimum CO 2 emissions during the wet and dry seasons were approximately in the range of CO 2 field measurements reported by Abushammala et al. [8] . The standard deviation (s), mean, and median values in Table II indicated that some Science and Development, Vol. 7, No. 8, August 2016 measurements exhibited highly skewed distributions for CH 4 and CO 2 emissions in both seasons. The variations in emission values might be due to surface cracking of the cover soil as a result of the underlying waste settling, different cover soil thickness and the vegetated areas, CH 4 oxidation, and variations of CH 4 and CO 2 generated from underlying waste.
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B. Gas Seasonal Variability of CH 4 and CO 2 Emissions
The geospatial means of the CH 4 and CO 2 emissions were evaluated and are presented in Table III . However, the results of the CH 4 and CO 2 emission modeling using the variogram model and counter maps generated by the Surfer 8 software are not presented within this paper.
The geospatial mean were almost identical with the arithmetic mean for each gas during the wet and dry seasons (see Tables II and Table III ). This finding is consistent with the results obtained by Abushammala et al. [8] , in which the geospatial and arithmetic means were almost identical. The arithmetic and geospatial means of CH 4 and CO 2 emissions during the wet season were higher than those in the dry season (Table II and Table III ) which were consistent with the results of Wang-Yao et al. [7] and Fourie and Morris [5] . The mean value of CH 4 emissions during the wet season was approximately 1.56 times higher than the mean of emissions during the dry season, while the CO 2 emissions mean during the wet season was approximately 1.5 times higher than that during the dry season. This is consistent with the finding of Wang-Yao et al. [7] . Higher emissions during the wet season might be attributed to a higher waste moisture content during the wet season than the dry season, which facilitated nutrient transportation through waste layers and accelerated waste decomposition to produce more LFG.
Statistical analysis using an independent-samples T-test showed that no significant variations between the means of the transformed CH 4 emissions data during the wet and dry seasons (t = 0.735; df = 155; p = 0.464) and between the means of the transformed CO 2 emissions data during both seasons (t = 0.862; df = 155; p = 0.390).
The geospatial means ratio of CH 4 to CO 2 (calculated as the molar ratio assuming ideal gas) during the wet season was approximately 152.5 % v/v, which would be equivalent to emitting an LFG with approximately 60.4 % CH 4 and 39.6 % CO 2 (assuming no other gases are present). The molar CH 4 to CO 2 ratio emitted during the dry season was approximately 146.5 %, corresponding to approximately 59.4 % CH 4 and 40.6 % CO 2 . The relatively lower CH 4 percentage and higher CO 2 percentage in the LFG during the dry season compared with those during the wet season could be attributed to CH 4 oxidation activity in the cover soil.
IV. CONCLUSION
The study indicated relatively higher CH 4 and CO 2 emissions during the wet season than the dry season. This might be attributed to a higher waste moisture content during the wet season than the dry season, which facilitated nutrient transportation through waste layers and accelerated waste decomposition to produce more LFG. The geospatial means ratio of CH 4 to CO 2 calculated as the molar ratio assuming ideal gas shown higher CH 4 percentage (60.4 %) and lower CO 2 percentage (39.6 %) during the wet season, while during the dry season the CH 4 and CO 2 percentages were 59.4 and 40.6 %, respectively. The relatively lower CH 4 percentage and higher CO 2 percentage in the LFG during the dry season compared with those during the wet season could be attributed to CH 4 oxidation activity in the cover soil. It is concluded that special consideration must be given to landfill cover soil in order to enhance CH 4 oxidation and, thereby, reduce CH 4 emissions.
